Introduction
American visceral leishmaniasis, caused by Leishmania infantum chagasi, is a major health problem in many parts of Brazil. The disease is characterised clinically by fever, gradual weight loss, splenomegaly, hypergammaglobulinemia, and pancytopenia and is usually fatal without specific treatment [1] .
One of the most significant advances in leishmaniasis therapy was the identification of an effective and safe oral drug, miltefosine (hexadecylphosphocholine), a phospholipid analogue. Miltefosine was originally developed as an anticancer drug and is the first oral drug approved for visceral leishmaniasis (VL) in India [2, 3] .
While miltefosine was able to produce a clinical cure in approximately 90% of VL caused by L. donovani [4, 5] , a clinical trial showed that the cure rate in Brazil, where VL is caused by L. infantum chagasi, was much lower. This study revealed that the cure rate was only 43% with a regimen of 2.5 mg/kg daily for 28 days and 67% with an extended treatment of 42 days with the same dose. Pre-treatment isolates obtained from cured patients and relapsed patients, were susceptible and resistant in vitro, respectively, suggesting that therapeutic failure may be due to intrinsic parasitic resistance to miltefosine (Dietze, R., unpublished data).
Miltefosine resistance mechanisms in Leishmania spp. have been associated with a decrease in intracellular drug accumulation due to the defective inward translocation of miltefosine [6] [7] [8] [9] and the over-expression of ABC transporters, which are responsible for drug efflux [10] . Studies have shown that alterations in fatty acid and sterol biosynthesis result in a change in the lipid composition of membranes in miltefosineresistant L. donovani, which could alter membrane fluidity and permeability and affect the drug-membrane interaction [11] . In addition, low susceptibility to drug-mediated programmed cell death has been observed in miltefosine-resistant Leishmania [12, 13] .
However, considering that the mechanism of miltefosine resistance in Leishmania spp. has been partially understood in experimental resistant lines, studies using clinical isolates with different miltefosine susceptibility are still needed. Taking into account the fact that proteins are ultimately responsible for cell phenotypes, in the present study we performed a comparative proteomics screen between miltefosine-sensitive and -resistant Brazilian L. infantum chagasi clinical isolates from VL patients with different miltefosine treatment outcomes. Using this approach, we identified differentially expressed proteins that may link molecular components to pathways involved in natural miltefosine resistance in Leishmania. 
Materials and methods

Ethics statement
Patients and parasites
We studied a pair of L. infantum chagasi isolates, one from a cured patient (MHOM/BR/05/MG14) and the other from a patient who relapsed after miltefosine treatment (MHOM/BR/05/MG11). These isolates were obtained from bone marrow aspirates taken before treatment of VL patients, participants in a clinical trial (Minas Gerais state, Brazil) to evaluate the efficacy and toxicity of miltefosine. The patients were treated with 2.5 mg/kg/day of miltefosine for 28 days and were followed for a minimum of six months after treatment was terminated. Patients were considered cured if no signs and symptoms of the disease were present at the time of examination. Relapse was defined as a patient who was considered cured, but upon follow-up, showed reappearance of clinical signs and positive parasitology. The clinical isolates selected for this study were identified as L. infantum chagasi based on a PCR-RFLP assay [14] .
Parasite culture
Promastigotes were grown in liver infusion tryptose (LIT) medium supplemented with 10% heat-inactivated foetal calf serum pH 7.5, 25 ºC. The cultures were initiated by inoculating parasites into culture medium to a final concentration of 10 6 parasites/mL. Cell number was determined microscopically using a Neubauer chamber. Three independently growing cultures of each isolate (S and R) were obtained and were further pooled.
Susceptibility of intracellular amastigotes to miltefosine
Late log stage promastigotes were used to infect primary peritoneal macrophages isolated from a Swiss mouse at a ratio of 7 promastigotes to 1 macrophage. The cells were plated in RPMI 1640 medium plus 10% heat-inactivated foetal calf serum in 16-well Lab-Tek™ tissue culture chamber slides (Scientific Laboratory Supplies, Wilford, UK) [15] and maintained overnight at 37 ºC in a 5% CO 2 /95% air mixture. Extracellular parasites were removed by washing, and fresh medium containing miltefosine was added at a final concentration ranging from 0.55 to 15 μM. Higher concentrations were not tested due to toxicity to infected macrophages. Each concentration was tested in triplicate. After 72 h of incubation at 37 ºC in a 5% CO 2 /95% air mixture, the cultures were methanol-fixed and Giemsa-stained and 100 macrophages/well were microscopically evaluated. Drug activity was determined from the percentage of infected cells in drug-treated cultures relative to non-treated cultures. The mean effective concentration (EC 50 ) values were calculated by nonlinear regression analysis using Prism version 5.0b software. The results are expressed as the means and standard deviation of three independent experiments.
Protein extract
The protein extracts were obtained simultaneously for all samples. Promastigotes were obtained in the late log phase in LIT medium. Cells were harvested by centrifugation at 1000 g for 10 min at 4°C, washed three times in RPMI 1640 medium, and resuspended in two-dimensional lysis buffer (8 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris base and a cocktail of protease inhibitors (Sigma-Aldrich)) in a proportion of 250 μL of lysis buffer for every 10 9 parasites. Lysis was allowed to proceed for 2 h by gently vortexing at room temperature, followed by passing the homogenate through a 26-gauge needle 10 times. Then, the samples were centrifuged at 20,000 g for 30 min to remove insoluble material. Protein concentration was determined using the 2D Quant Kit (GE Healthcare). Protein extracts were aliquoted into single-use sample and stored at −80°C until analysis.
Two-dimensional difference gel electrophoresis (2D-DIGE)
Previously three representative Coomassie 2D gels from three independent biological replicates of each isolate (S and R) were analysed and the profiles obtained were highly reproducible regarding protein spot total number, relative positions and intensities (data not shown). Considering these data, in our DIGE analyse was used a pool of three biological replicate of each isolate (S and R). A total of 3 2D-DIGE were performed, thus three different images of each pool of isolates were obtained. The pH of the protein extracts was checked and adjusted to 8.5 with 50 mM NaOH, if necessary. Each fifty-microgram sample was labelled with 400 pmol of N-hydroxysuccinimidyl-ester derivate of cyanine dyes Cy2, Cy3, and Cy5 according to the manufacturer's instructions for minimal labelling dyes (GE Healthcare). Briefly, samples from miltefosine-sensitive and -resistant isolates were labelled with Cy3 or Cy5. To minimise the potential confounding effects of differences in fluorescence intensity, Cy3 and Cy5, labelling was alternated between sensitive and resistant pool extracts in a 'balanced' design. An internal standard, which comprised a mixture of equal amounts of both isolates, was labelled with Cy2. Labelling was performed for 30 min on ice in the dark. The reactions were then quenched by the addition of 1 μL of lysine (10 mM) for 10 min on ice in the dark. Labelled samples were combined, in such a way that each mixture comprised protein samples from miltefosine-sensitive and -resistant isolates and an aliquot of the internal standard. Then, the total volume was adjusted to 350 μL with Destreak rehydration solution (GE Healthcare) supplemented with 0.2% ampholytes 4-7 (Bio-Rad).
Samples were applied to the immobilised pH gradient (IPG) strips, 18 cm pH 4-7 (GE Healthcare), by in-gel sample rehydration, and passive rehydration was performed for 20 h in the dark. After rehydration, isoelectric focusing was performed on an IPGphor II (GE Healthcare) at a temperature of 20 ºC and a maximum current of 50 mA/strip. The focusing parameters were as follows: step 1-300 V constant for 5 h; step 2-gradient from 300 to 10,000 V over 2 h; step 3-10,000 V until complete 60,000 Vh; and step 4-500 V constant for 5 h. After isoelectric focusing, each strip was incubated for 15 min in equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, 2% SDS, trace of bromophenol blue) containing 10 mg/mL dithiothreitol, followed by a second incubation in equilibration buffer containing 25 mg/mL iodoacetamide for 15 min. IPG strips were sealed to 12% acrylamide gels using 0.5% agarose in standard Tris-Glycine-SDS electrophoresis buffer. The second dimension SDS-PAGE was carried out on the Ettan DaltSix system at 16 mA/gel for 30 min and then at 40 mA/gel until the dye front reached the bottom of the gel at 15 ºC.
Two-dimensional gels cast between two low-fluorescence glass plates were scanned with the Typhoon FLA 9000 (GE Healthcare) at a resolution of 100 μm, and photomultiplier (PTM) values were adjusted to optimise sensitivity and prevent oversaturation. The excitation/emission wavelengths for Cy2, Cy3, and Cy5 were 488/520, 532/580, and 633/670, respectively. Following fluorescence scanning, DIGE gels were also stained with colloidal Coomassie CBB G-250, following procedures described elsewhere [16] , to allow the visual detection of differential abundances of spots.
2D image analysis
Analysis of 2D-DIGE was done using DeCyder 2D software, version 7.0 (GEHealthcare) according to the manufacturer's recommendations. The t-test with false discovery rate correction was used for the statistical analysis of the data, and α < 0.05 was adopted as the level of significance. Protein spots that showed differential abundance in sensitive and resistant L. infantum chagasi clinical isolates were selected for mass spectrometry identification.
Protein identification
Spots with differential expression were excised, and gel fragments were washed twice with 50% acetonitrile in 25 mM ammonium bicarbonate, followed by pure acetonitrile. The gel fragments were dried and then rehydrated with 10 μL of protease solution (Trypsin Gold, Mass Spectrometry Grade, Promega, at 20 ng/μL in 50 mM ammonium bicarbonate) for 30 min on ice. Then, 20 μL of 50 mM ammonium bicarbonate was added, and digestion was performed at 37°C for 16 h. Peptide extraction was performed twice for 30 min with 30 μL of 50% acetonitrile/5% formic acid. Trypsin digests were then concentrated in a SpeedVac (Eppendorf) to about 10 μL and desalted using Zip-Tip (C18 resin; P10, Millipore). Peptide elution from the column was performed in 50% acetonitrile/ 0.1% trifluoroacetic acid [17] . A gel fragment with no protein and a gel fragment from the molecular weight standard bovine albumin were used as negative and positive controls, respectively.
The tryptic peptides were analysed with a MALDI-TOF-TOF AB Sciex 5800 (AB Sciex, Foster City, CA) mass spectrometer. MS and MSMS spectra were acquired in reflector mode to ensure optimal mass accuracy and peak resolution. Usually up to 15 of the most intense ion signals with signal to noise ratios above 2 were selected as precursors for MS/MS acquisition. During this data dependent analysis, an exclusion list with common trypsin autolysis masses and keratine masses was applied. External calibration in MS mode was performed using a mixture of five peptides: des-Arg1-Bradykinin (m/z = 904.468), angiotensin I (m/z = 1296.685), Glu1-fibrinopeptide B (m/z = 1570.677), and ACTH (18-39 clip) (m/z = 2465.199), and ACTH (7-38 clip) (m/z = 3657.929). Similarly, tandem mass spectra were externally calibrated using known fragment ion masses observed in the MS/MS spectrum of Glu1-fibrinopeptide B.
Peaklists were created by using the "peaks to mascot" tool in the Explorer software of the ABSciex 5800 mass spectrometer. Common settings were signal to noise ratios of 2 and minimum peak areas of 10. Data base searches were performed against an in-house created "Leishmania" (103645 sequences) database. The following search parameters were used: no restrictions on protein molecular weight, tryptic cleavage products including two tryptic missed cleavages allowed, variable modifications of cysteine (carbamidomethylation), methionine (oxidation), asparagine and glutamine (deamidation), and pyroglutamate formation at N-terminal glutamine of peptides. Decoy analysis revealed a false discovery rate of 0.8% considering peptide identity. It is worth mentioning that a second data base search against all entries (32611672 sequences) of the NCBI-non-redundant database (www.ncbi.nlm.nih.gov/index.html) revealed nearly the same results and did not suffer from losses in sensitivity of protein identification.
Gene Ontology (GO) biological process annotations for Leishmania proteins were assigned according to those reported in the Leishmania GeneDB database and confirmed using the Panther Classification System (http://www.pantherdb.org/ panther/globalSearch.jsp?).
Western blotting
Two-dimensional SDS-PAGE 12% (7 cm, pH 4-7) was used to fractionate 150 μg of promastigote protein extract from miltefosine-sensitive and -resistant isolates. The proteins were transferred onto PVDF membranes (Hybond, Amershan, UK) in a trans-blot semidry transfer unit (GE Healthcare) by applying a current of 1.6 mA/cm 2 for 2 h. The membranes were rinsed with PBS-Tween 0.1% and incubated with blocking buffer (5% low-fat milk powder in PBS-Tween 0.1%) at 4°C overnight. Trans-blotted proteins were probed overnight with a rabbit polyclonal anti-EF-1β antibody (Cedarlane, Canada) and a mouse polyclonal anti-α-tubulin (Sigma-Aldrich, USA) antibody at dilutions of 1:50 and 1:1000, respectively. After washing three times in PBS-Tween 0.5% for 5 min, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies that were used at a 1:2000 dilution. Specific binding was revealed with a Western blotting detection ECL system (Amersham, UK) and exposed to a CCD camera (Kodak Gel Logig 1500 imaging system, USA). The eEF-1β and tubulin (used as normalizer) signals were processed by ImageJ software (Wayne Rasband, NIH, USA, http://rsb.info.nih.gov/ij/) from 2-DE blotting. The signal intensities were measured in equal size delimitated areas and were expressed as arbitrary units.
Results
In vitro susceptibility of L. infantum chagasi clinical isolates to miltefosine
The susceptibility of clinical isolates to miltefosine was evaluated in vitro by intracellular amastigote assay. The isolate from the cured patient had an EC 50 of 3.9 μM and was considered miltefosine-sensitive (S), whereas the isolate from the relapsed patient had an EC 50 > 15 μM, the highest concentration tested, and was considered drug resistant (R).
Comparative proteomics between L. infantum chagasi isolates differing in vitro susceptibility to miltefosine
To comparatively analyse the 2D-DIGE, a total of 3 large format 2DE gels were obtained. Two-paired samples (S and R) were labelled alternatively with Cy3 or Cy5 and were run in 3 gels along with a pooled standard, which was labelled with Cy2. The images were analysed by Decyder 2D software, v7.0. The image analysis showed that the average number of spots detected by CyDyes stains was 810 ± 11.8. Protein spots presented migration positions from 14 to 100 kDa but were predominantly clustered between 14 and 70 kDa (Fig. 1) .
A differential analysis between drug-sensitive and -resistant isolates was performed on 823 matched spots. A protein spot was considered to have differential abundance if the spot was detected in all of the experimental replicates with statistical significance (α < 0.05). In the image analysis, 46 protein spots showed significant differences when comparing the miltefosinesensitive and -resistant isolates. Out of the 46 spots, 26 (56.5%) showed greater and 20 (43.5%) showed lower expression of the resistant isolate compared to the sensitive isolate (Fig. 1) . These differential spots were cut from the gels, digested, and used for MALDI-TOF/TOF analysis.
Identification of spots with differential abundances by MS/MS
With MALDI-TOF/TOF analysis, 41 (89.1%) out of the 46 differentially regulated protein spots were successfully identified with high confidence after searching databases. From these spots were identified 50 proteins correspondent to 34 non-redundant proteins. The molecular mass and isoelectric point values estimated by gel electrophoresis (experimental) showed a good correlation with predicted values of the identified proteins (r = 0.97, p < 0.0001 for the molecular weight; and r = 0.69, p < 0.0001 for the isoelectric point). However, some variations were observed suggesting that fragments or post-translational protein modifications were visualised (Supplementary material S1).
Nine spots were excluded upon further analysis, because they corresponded to multiple proteins (Supplementary material S2). Thirty-two protein spots remained with unique protein identification correspondent to 22 non-redundant proteins.
Five proteins (chaperonin Hsp60, peroxiredoxin, NADPdependent alcohol dehydrogenase, 2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolase and one hypothetical protein) were identified in different localisations on 2D-Gel spots, indicating potentially diverse protein forms, thus suggesting the occurrence of post-translational modification of mutation and of the presence of different protein species, as shown in Tables 1 and 2 , and in Supplementary material S2. Tables 1 and 2 and in Supplementary material S2.
The identified proteins were classified according to the Gene Ontology/Panther Annotation of Biological Processes and categorised into 12 diverse functional groups (Fig. 2) . Up-regulated proteins identified in the miltefosine-resistant isolate were found to be mainly involved in antioxidant/ detoxification, protein folding/chaperones, and stress processes. Conversely, proteins involved in amino acid metabolism and cytoskeleton were down-regulated in the miltefosine-resistant isolate. Proteins with unknown biological functions/hypothetical proteins represented 14.3% and 27% of the proteins in the miltefosine-resistant and -sensitive isolates, respectively.
Western blot
The validation of our proteomic data was performed using immunoblotting. According to protein fold changes and the availability of validation reagents, the translation elongation factor 1-beta protein (EF-1β) was selected for verification of protein-expression changes between miltefosine-resistant and -sensitive isolates. Tubulin was used as a normaliser and this verification was carried out by 2D western blotting followed by densitometry analysis. Both proteins were well-detected and EF-1β up-regulation in miltefosine-resistant phenotype was confirmed (Fig. 3) . Densitometry analysis confirmed the visual evaluation of the immunoblotting signals, and the ratio of the signals between the strains (R/S) was 1.05 and 1.57 arbitrary units for α-Tubulin and EF-1β, respectively. These data indicate that 
a Spot ID -The numbers correspond to the specific spots as indicated in Fig. 1 . b Average ratio DIGE (miltefosine-resistant (R) and miltefosine-resistant (S) phenotypes). c Accession number corresponds to Leishmania infantum genome database according to NCBI. d pI -Isoelectric point. e Mr -Molecular weight kDa (exp -experimental and pred -predicted). f Functional categories according to Gene Ontology and Panther biological process annotations. EF-1β is up-regulated in the miltefosine-resistant isolate, corroborating the results from our proteomic analysis.
Discussion
Miltefosine has proven to be highly effective against visceral leishmaniasis in India [18, 19] . However, around 50% of VL patients treated with miltefosine relapse in Brazil. In addition, most isolates from relapsed patients were resistant in vitro to miltefosine, suggesting that treatment failure can be associated with natural resistance of the infecting parasite (Dietze R., unpublished data). In this scenario, proteomics screens have been useful in pinpointing novel drug resistance mechanisms in Leishmania parasites [12, [20] [21] [22] [23] [24] . Thus, a comparative proteomic approach was carried out and revealed significant changes in protein expression between isolates with different miltefosine susceptibilities. In our study, soluble proteomes of miltefosine-sensitive and -resistant L. infantum chagasi were separated with a high-resolution 2D-DIGE, with a mean number of 810 spots. This number covered 10.1% of the~8000 open reading frames predicted for the Leishmania genome sequence, although post-translational modification and processing will significantly reduce this estimate. The total number of spots is slightly lower than that found in other studies of DIGE analysis on Leishmania infantum [25, 26] and much lower than that found by Daneshvar et al. [21] . Indeed, the total number of spots visualized in the DIGE can be influenced by several factors such as sample type (species/strains of parasite), sample preparation, size and the pH range of IPG strip, size of the gel, and also the detection parameters used. A total of 32 protein spots with unique protein identification (22 non-redundant) were differentially expressed between miltefosine-sensitive and -resistant L. infantum chagasi isolates, which were clearly grouped by ontology into 12 functional categories. Most are involved in redox regulation and stress response functions. Some of these proteins have already been associated with resistance to different drugs in Leishmania spp. (see references in Tables 1 and 2 ).
The functional categories with the highest number of differentially expressed spots in resistant isolate were chaperones and stress proteins. Chaperones, also termed heat shock proteins (Hsps), comprise several highly conserved families of protein folding facilitators that play important roles in many aspects of cell function, including responses to chemical and physiological stresses. These proteins have been associated with cell protection, preventing programmed cell death activation by modulating multiple events within apoptotic pathways (for a review, see [27, 28] ). In our analysis, three protein spots corresponding to the same chaperone Hsp60, were up-regulated in the miltefosine resistant isolate. These spots could represent different variants of Hsp60 with different post-translational modifications, because a small difference between the calculated and experimental pI of the identified spots was found. Over-regulation of this protein was observed in L. infantum chagasi and Leishmania braziliensis antimonial-resistant lines [29] and in L. major methotrexate-resistant lines [23] . In this study, one protein spot corresponded to stress-induced protein sti1 exhibited higher abundance in the resistant isolate. This protein forms a complex with heat shock proteins Hsp70 and Hsp90 (known as Hsp83 in Leishmania spp.) [30] , acts as co-chaperone, and is produced in response to stress [31, 32] . Considering this protein-protein interaction, the up-regulation of this stress protein could be associated with the resistant phenotype since the over-expression of Hsp83 has been linked to miltefosine and antimonial resistance in L. donovani [12] . Furthermore, Hsp83 interferes with the mitochondrial membrane potential, decreasing the drug-mediated programmed cell death in L. donovani [12] , which has been described as an action mechanism of miltefosine [13, 33, 34] .
In addition, pronounced changes in the peroxirredoxin protein, which belong to the antioxidant/detoxification category, were observed in this proteomic study. This protein was identified in three different protein spots, represented by two mitochondrial and one cytosolic peroxirredoxin, and all spots showed up-regulation in the miltefosine-resistant isolate. Peroxirredoxin is found in different organisms and has been implicated in a wide variety of cell functions, such as redox homeostasis, apoptosis, signal transduction, and pathogen infection [35] [36] [37] [38] . Peroxirredoxin is best known for its ability as an antioxidant enzyme that can use different reactive oxygen species (ROS) and reactive nitrogen species (RNS) as substrates. In the Trypanosomatidae family, peroxirredoxins are the major antioxidant enzymes [39] . Overexpression of this antioxidant protein has been associated previously with antimonial resistance in L. infantum chagasi and L. braziliensis [29] and with gentamicin resistance in L. infantum [21] . Harder et al. [40] showed that L. donovani parasites overexpressing peroxirredoxin are protected from hydrogen peroxide-induced programmed cell death. In accordance with these findings, a recent study indicated that miltefosine-unresponsive L. donovani has better redox machinery, which removes ROS more efficiently, improving its ability to maintain redox homeostasis [41] .
In the current work, we highlighted other two proteins overexpressed in the resistant isolate, NADP-dependent alcohol dehydrogenase (NADP-ADH) and elongation factor-1β (EF-1β), and although they are sorted into carbohydrate metabolism and protein biosynthesis, respectively, they also play an important role in redox homeostasis. NADP-ADH, known as NADP-aldehyde-reductase, comprises a class of oxidoreductases that catalyses the reversible oxidation of ethanol to acetaldehyde with the concomitant reduction of NADPH [42] . It has been shown that in yeast, during oxidative stress conditions (the glutathione levels are depleted and the glyoxalase pathway enzymes are inactive), aldose reductase activity is account for 40% of detoxification of the methylglyoxal in the cell [43] . EF-1β complex is a functionally distinct part of elongation factor 1. This complex is involved in ribosomal protein synthesis and simultaneously displays distinct activities, including those of trypanothione S-transferase and peroxidase [44, 45] . The trypanothione-dependent system is common to all Leishmania species and plays an important role in parasite survival by neutralising the harmful effects of ROS (for a review, see [46] ).
Although previous studies have reported the overexpression of enzymes that are involved in the trypanothione biosynthesis system in antimonial-and methotrexateresistant Leishmania lines [23, 24] , our results showed a down-regulation of two enzymes (Spermidine synthase and S-adenosylmethionine synthetase) that are involved in this pathway in the miltefosine-resistant isolate.
The other differentially expressed proteins with highly specific functions identified in this work that could be associated with the miltefosine resistant phenotype were proliferative cell nuclear antigen (PCNA) and mitochondrial ATPase β-subunit. PCNA participates in the process of replication and DNA repair. In agreement with our findings, PCNA was found to be up-regulated in antimonial-resistant L. donovani clinical isolates [47] and in an antimonial-induced resistant L. braziliensis line [29] . The mitochondrial ATPase β-subunit is the catalytic element of a multi-subunit hydrogen ion (H + ) transporter that in yeast has a potential functional/regulatory relationship with an ABC efflux pump that is involved in multi-drug resistance [48] . Considering that miltefosine-resistance in Leishmania has been associated with an overexpression of ABC transporters related to a decrease in Fig. 4 -Proposed model for mechanism of miltefosine resistance in L. chagasi. The miltefosine (blue circles) induces the increased level of reactive oxygen species (ROS) which in turn leads to oxidative stress and then cell death [53] . The over expression of both Peroxirredoxin and elongation factor-1β (EF-1β) proteins decrease the ROS level, providing protection against oxidative stress. In addition, the over expression of NADP-dependent alcohol dehydrogenase (NADP-ADH), chaperone Hsp60, and stress-induced protein sti1 (sti1) could also help to maintain redox homeostasis and then protect oxidative stress. Miltefosine is also able to induce cell death process by DNA fragmentation [13] . In this way, over expression of proliferative cell nuclear antigen (PCNA) could be involved in miltefosine resistance by repairing and replicating DNA. The over expression of ATPase β-subunit (considered a catalytic element of ABC efflux pump) also protects miltefosine-induced cell death by decreasing intracellular drug accumulation. N -nucleus and K -kinetoplast. intracellular drug accumulation [10] , the overexpression of this protein subunit in resistant isolate could be correlated with resistant phenotype.
In conclusion, we present, for the first time, a proteomic 2D-DIGE/MS analysis to elucidate the changes in expression between miltefosine-sensitive and -resistant L. infantum chagasi isolates from VL patients with different miltefosine treatment outcomes. Our study revealed overexpressed proteins in miltefosine-resistant isolate that plays a role in redox homeostasis, stress response, protection to apoptosis, and drug translocation, consistent with the resistance phenotype. These differentially expressed proteins are likely involved in miltefosine natural resistance and suggest that the miltefosine resistance mechanism in Leishmania is multifactorial. Based on the results of the present study we propose a mechanism of miltefosine resistance in L. infantum chagasi which is depicted in Fig. 4 . We believe that these findings can contribute to better the understanding of the miltefosineresistance phenotype. In addition, some of these highlighted proteins, after a better characterization, could be used as biomarkers of miltefosine-resistance in Leishmania, helping to establish more appropriate drug treatment.
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